Ornithine decarboxylase (ODC) is the key rate-limiting enzyme in the polyamine synthesis pathway and it is overexpressed in a variety of cancers. We found that polyamine synthesis and modulation of ODC signaling occurs at early stages of pancreatic precursor lesions and increases as the tumor progresses in Krasactivated p48
Introduction
Pancreatic cancer is the fourth leading cause of cancerrelated mortality in both men and women in the United States (1) and the seventh leading cause of cancer-related deaths worldwide. Despite tremendous scientific effort for over three decades, pancreatic cancer still remains an almost uniformly lethal devastating disease with <6% 5-year survival. The incidence of pancreatic cancer has been increasing over the past 10 years. In 2013, about 46,420 people (23,530 men and 22,890 women) were expected to be diagnosed with pancreatic cancer and 39,590 people (20,170 men and 19,420 women) were expected to die of pancreatic cancer in the United States (1) . Worldwide, 338,000 people were diagnosed with pancreatic cancer in 2012 (2) . The Pancreatic Action Network estimates that by 2020, pancreatic cancer will become the second leading cause of cancer-related deaths in the United States. Lack of early diagnosis and effective interventions are the major factors in the poor prognosis and dismal survival rates (3) (4) (5) . First-line chemotherapeutic agents for pancreatic cancer treatment provide a marginal survival benefit. So far, a range of targeted therapies has failed to improve survival significantly in many clinical trials. Identifying successful intervention strategies using preclinical models that mimic human pancreatic cancer progression would help in the development of novel agents for pancreatic cancer prevention and treatment. The pancreatic cancer precursors, pancreatic intraepithelial neoplasias (PanIN), progress slowly over many years to development of invasive pancreatic cancer (3) (4) (5) . Hence, it is important to develop novel strategies to delay or inhibit progression of PanIN to pancreatic cancer. The K-ras G12D genetically engineered mice (GEM) is an excellent pancreatic cancer model that shows development of lesions closely resembling human PanINs with progression to pancreatic ductal adenocarcinoma (PDAC) and it has been used successfully for chemoprevention studies.
Activation of ornithine decarboxylase (ODC), the key regulatory enzyme in polyamine biosynthesis, and the consequent increase in concentrations of polyamines (putresine, spermine, and spermidine) are associated with tumor promotion and progression. ODC is modulated by important genes of the polyamine biosynthesis pathway, such as increased arginase (Arg1) and ornithine aminotransferase (Oat), and decreased ODC antizyme (Oaz) and spermidine/spermine N(1)-acetyltransferase (Sat1). A link between polyamine levels and tumor grade and stage is well established in colorectal cancers (6, 7) . Elevated levels of ODC and polyamines have also been found in pancreatic cancer (8) . Pancreatic adenocarcinoma cell lines have been shown previously to have elevated ODC activities (9) . Although it is clear that ODC overexpression is associated with advanced pancreatic cancer development, it has not been established whether overexpression of ODC is involved in the initiation or progression of pancreatic carcinogenesis.
Clinical and preclinical studies have demonstrated that eflornithine (DFMO), an ODC inhibitor, is a potential chemopreventive agent for several cancers (10) (11) (12) (13) (14) (15) (16) . However, expression of ODC during progression of pancreatic cancer and the chemopreventive efficacy of DFMO in a preclinical model that recapitulates human pancreatic cancer have not yet been evaluated. The rationale for the use of DFMO as a cancer chemopreventive agent has been strengthened in recent years because ODC has been shown to be transactivated by the c-myc oncogene in various cell and tissue types and to cooperate with the ras oncogene in malignant transformation of epithelial tissues. To address the role of ODC in pancreatic carcinogenesis, we first compared ODC activity in pancreatic tumor tissue from normal mice and that from 2-, 6-, and 10-month-old p48
Cre/þ -LSL-Kras G12D/þ mice. We confirmed overexpression of ODC in pancreatic cancer tissues as the mice age and then tested the ODC inhibitor DFMO as a chemopreventive. DFMO inhibited tumor progression and modulated several components of ODC signaling and cell proliferation, supporting future testing of DFMO in clinical trials for pancreatic cancer prevention.
Materials and Methods

Mouse model, diet, and handling
Generation of p48 Cre/þ ; LSL-Kras G12D/þ mice expressing the activated Kras G12D oncogene has been described previously (17) . All animal research was performed under the animal protocols approved by the University of Oklahoma Health Sciences Center (OUHSC; Oklahoma City, OK) Institutional Animal Care and Use Committee (IACUC). Animals were housed in ventilated cages under standardized conditions (21 C, 60% humidity, 12-hour light/12-hour dark cycle, 20 air changes/h) in the OUHSC rodent barrier facility. Semipurified modified AIN-76A diet ingredients were purchased from Bioserv, Inc. DFMO was procured from the NCI-DCP chemoprevention drug repository. DFMO (0.1% and 0.2%) was premixed with small quantities of casein and then blended into the diet using a Hobart Mixer. The rationale for selecting 0.2% DFMO was based on earlier experiments; this dose is equivalent to 40% of the maximum-tolerated dose when it is given in semipurified AIN-76A diet. The lower dose (0.1%) chosen is comparable with doses of DFMO used in clinical trials. Both control and experimental diets were prepared weekly and stored in the cold room. Mice were allowed ad libitum access to the respective diets and to automated tap water purified by reverse osmosis.
Breeding and genotyping analysis
LSL-Kras G12D/þ and p48 Cre/þ mice were maintained in a C57BL/6 heterozygous genetic background and bred. Offsprings of activated p48
Cre/þ. LSL-Kras G12D/þ and C5BL/6 wild-type mice were generated at required quantities. The genotype of each pup was confirmed by tail DNA extraction and polymerase chain reaction (PCR). Briefly, genomic DNA was isolated from tail tissue samples using the Miniprep Kit (Invitrogen). PCR was performed for K-ras and Cre genes using the following conditions: denaturation at 95 C for 5 minutes, followed by 35 cycles at 95 C for 1 minute, 60 C for 1 minute and 72 C for 1 minute. Oligonucleotide primer sequences used were as follows: K-ras 5 0 -CCTTTA-CAAGCGCACGCAGAG-3 0 sense, 5 0 -AGCTAGCCACCATG-GCTTGAGTAAGTCTGCA-3 0 antisense; and p48Cre 5 0 -AC-CGTCAGTACGTGAGATATCTT-3 0 sense and 5-ACCTGAA-GATGTTCGCGATTATCT-3 0 antisense. PCR products were separated on a 2% agarose gel. Successful recombination yields were 550-and 350-bp products for Kras and Cre genes, respectively (17) .
ODC assay p48
Cre/þ -LSL-Kras G12D/þ GEM (n ¼ 6/group) at 2, 6, and 10 months of age, along with wild-type mice, were killed and pancreata were snap-frozen in liquid nitrogen for further analysis. ODC activity in the pancreata of these mice was measured as release of CO 2 from L-[ 1-14 C]-ornithine. Briefly, pancreas samples were trypsinized, washed with phosphate-buffered saline (PBS), and lysed in 100 mL of ODC lysis buffer [25 mmol/L Tris-HCl (pH 7.4), 0.1 mmol/L EDTA, 0.1% Triton X-100, 0.1 mmol/L pyridoxyl-5-phosphate, 1 mmol/L dithiothreitol (DTT), and 1Â protease inhibitors]. Lysates were frozen at À80 C, thawed on ice, and centrifuged at 12,000 Â g for 20 minutes at 4 C to remove cell debris. Supernatants were transferred to new Eppendorf tubes, and 100 mL (5 mg/mL protein) aliquots were transferred to stoppered glass vials containing 10 mL (55 nmol) of L-[ 1-14 C]ornithine hydrochloride (Thermo Scientific) in triplicate. ODC assay buffer (110 mL) containing [ 1-14 C]ornithine hydrochloride was added and incubated for 1 hour at 37 C. Reactions were terminated with an equal volume of 10% trichloroacetic acid (TCA) injected with a syringe through the rubber stopper top and left for another 20 minutes. Released 14 CO 2 was captured with a filter paper, which was soaked with 80 mL sodium hydroxide and inserted through a hole in the stopper top (Kontes Glass). The filter paper was transferred to a scintillation vial, 5 mL of scintillation fluid was added, and liquid scintillation counting was done for 1 minute. ODC activity was determined as picomoles of CO 2 released (calculated from cpm) per milligram of protein per hour.
Preclinical efficacy assay
Male and female p48 Cre/þ -LSL-Kras G12D/þ mice were used in the efficacy study. Briefly, 5-week-old mice were selected and randomized so that average body weights in each group were equal (n ¼ 30-34/group for p48
Cre/þ -LSL-Kras G12D/þ mice and n ¼ 12/group for C57BL/6 wild-type mice) and were fed AIN-76A diet for 1 week. At 6 weeks of age, mice were fed AIN-76A experimental diets containing 0%, 0.1%, or 0.2% DFMO in the diet until termination of the study. Mice were checked routinely for signs of weight loss or any signs of toxicity or any abnormalities. Body weight of each animal was measured once weekly for the first 6 weeks and then once a month until termination. After 265 days (38 weeks) on experimental diets, all mice were euthanized by CO 2 asphyxiation at 44 weeks ($300 days) of age and necropsied; pancreata were collected from all groups, weighed, and snap-frozen in liquid nitrogen for further analysis. Pancreata required for histopathology and immunohistochemistry (IHC) to identify PanIN lesions and PDAC and for evaluation of various molecular markers were fixed (head to tail) in 10% neutral-buffered formalin as previously described (17) (18) (19) .
Analysis of PanIN lesions and PDAC
Normal and tumor pancreatic tissues were fixed in 10% neutral-buffered formalin for 24 to 48 hours and then processed and embedded in paraffin according to standard protocols. Tissue sections (4 mm) of each pancreas stained with hematoxylin and eosin (H&E) were evaluated histologically by a pathologist blinded to the experimental groups. PanIN lesions and carcinomas were classified according to histopathology criteria as previously described (17) (18) (19) . To quantify the progression of PanIN lesions, the total number of ductal lesions and their grades were determined. The relative proportion of each PanIN lesion grade to the overall number of analyzed ducts was recorded for each animal. Similarly, pancreatic carcinoma and normal appearing pancreatic tissue were evaluated for all the animals. The incidence of PDAC is defined as the percentage of mice with PDAC as previously described by us (17) (18) (19) . Briefly, we evaluate pancreas sections derived from top, middle, and bottom portion of the tissue block (from head to tail) from the GEM mice (N ¼ 30-34 mice/group male and female). The efficacy endpoints used in this study were inhibition of PanINs and PDAC. The criterion for invasive disease incidence is groups of adenocarcinoma cells (at least 3%) invading with adenomatous stroma streaming around the cells.
IHC and immunofluorescence
Fixed sections (5-mm) were incubated with primary antibodies in a hybridization chamber for 1 hour at room temperature or overnight at 4 C. The primary antibodies for proliferating cell nuclear antigen (PCNA), Cav-1, b-catenin, and p21, were from Santa Cruz Biotechnology; those for Ki67 and cyclin D1 were from Cell Signaling Technology; those for p16 were from LS Bio; and those for Rb were from Abcam. Following incubations with primary antibody, sections were incubated for 1 hour with anti-mouse or anti-rabbit secondary antibodies, as appropriate for each primary, then visualized with diaminobenzidine (DAB) and counterstained with hematoxylin for IHC and counterstained with DAPI (4 0 ,6-diamidino-2-phenylindole) for immunohistofluorescence (IHF). Slides were observed under an Olympus microscope 1 Â 701 and digital computer images were recorded with an Olympus DP70 camera.
Quantitative real-time PCR analysis
Total RNA from pancreatic samples (consisting of normal, PanIN, and PDAC) was extracted using an RNA Kit for isolation of total cellular RNA (Invitrogen) as per the manufacturer's instructions. Equal quantities of DNA-free RNA were used in reverse transcription reactions for making cDNA using SuperScript reverse transcriptase (Invitrogen). The real-time PCR was carried out in a 25-mL reaction volume using 3 mL of a 1:10 cDNA dilution containing SYBR Green master mix (Bio-Rad) and primers for PCNA, caveolin-1 (Cav-1), Oaz, Oat, Sat1, Arg1, spermine synthase (Sms), and spermidine synthase (Srm; Supplementary Table S1 ). All PCRs were done in a Bio-Rad iCycler iQ real-time PCR detection system and fluorescence threshold values (C t ) were calculated. Relative mRNA levels were assessed by standardization to actin. Results are expressed as a fold difference in gene expression.
Cell lines
The human MiaPaCa 2 cancer cell line was obtained from the American Type Culture Collection (ATCC) and maintained in Dulbecco's Modified Eagle Medium (DMEM; Life Technologies Inc.) supplemented with 10% fetal bovine serum and 1% penicillin-streptomycin in a humidified chamber at 37 C and 5% CO 2 . The cell line was authenticated by short-tandem repeat analysis by the ATCC. MiaPaCa 2 cell line was initially expanded and cryopreserved within 1 month of receipt. Cells were typically used for 3 months, and at that time a fresh vial of cryopreserved cells was used. All experiments were carried out with cells grown to 70% to 80% confluence. To assess growth inhibition and molecular markers, we applied subtoxic concentrations of DFMO, ranging from 2 to 4 mmol/L.
Protein extraction and Western blot assay
Pancreata (normalþPanINsþPDAC) harvested from mice fed diets with or without DFMO, or MiaPaCa 2 cells treated with or without DFMO in the presence or absence of spermidine (polyamine), were homogenized and lysed in ice-cold lysis buffer. After a brief vortexing, the lysates were collected by centrifugation at 12,000 Â g for 15 minutes at 4 C, and protein concentrations were measured with the Bio-Rad Protein Assay reagent. An aliquot (50 mg protein/lane) of the total protein was separated with 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to nitrocellulose membranes. After blocking with 5% milk powder, membranes were probed for expression of ODC, c-myc, p21, and a-tubulin in hybridizing solution [1:500, in Tris-buffered saline (TBS)-Tween 20 solution] using the respective primary antibodies and then probed with the appropriate horseradish peroxidase (HRP)-conjugated secondary antibodies. Detection was performed using the SuperSignal West Pico Chemiluminescence procedure (Pierce). All Western blot experiments were repeated two times. ImageJ software was used for quantification of the blots.
Statistical analysis
The data are presented as mean AE SE. Differences in body weights were analyzed by ANOVA. Statistical differences between control and treated groups were evaluated using the Fisher exact test for PDAC incidence and unpaired t test with Welch correction was used for PanINs and PDAC lesions. Differences between groups are considered significant at P < 0.05.
Results
Activation of the ODC pathway during progression of pancreatic cancer p48
Cre/þ -LSL-Kras G12D/þ and wild-type mice were analyzed for the expression of ODC pathway components (Fig. 1A-F) . ODC catalyzes the first step in the polyamine biosynthetic pathway, the decarboxylation of ornithine to putrescine. ODC is modulated by other important components of this pathway, such as Arg1, Oat, Oaz, and Sat1; and its activation can lead to tumor promotion and progression (Fig. 1G) . As the mice aged from 2 to 6 to 10 months, we observed a significant increase in the ODC activity (Fig. 1A) . ODC activity was >2-fold elevated in the Cre/þ -LSL-Kras G12D/þ GEM mice. ODC activity increased in the GEM mice as they aged from 2 to 10 months. mRNA expression of ODC (B), Oaz (C), Arg1 (D), Oat (E), and Sat1 (F) in normal and tumor-bearing pancreas. A significant increase in ODC, Arg1, and Oat and a decrease in Oaz and Sat1 mRNA expression were observed in the pancreatic tumors compared with normal pancreas. G, schematic representation of polyamine biosynthesis. H, experimental design for evaluation of DFMO efficacy in pancreatic cancer prevention in male and female p48
Cre/þ -LSL-Kras G12D/þ mice. At 6 weeks of age, groups of mice (30-34/group for activated p48
Cre/þ -LSL-Kras G12D/þ or 12/group for wild-type) were fed AIN76-A diets containing 0%, 0.1%, or 0.2% DFMO continuously for 38 weeks and each pancreas was evaluated histopathologically for marker expression as described in the text. I and J, effect of DFMO on body weight (BW; mean AE SE) at termination of the experiment. No statistically significant difference was observed between control and DFMO-treated p48 pancreas of 10-month-old GEM mice compared with control pancreas (Fig. 1A) . Similarly, other important ODCregulating enzymes were modulated in the tumors compared with normal pancreas as determined by quantitative real-time PCR (Fig. 1B-F) . The ODC-inhibitory enzyme Oaz and the polyamine-degrading enzyme Sat1 were downregulated significantly in the pancreatic tumors compared with normal pancreas. The Arg and Oat required for increased ODC were increased in the tumors.
General health of animals treated with DFMO
The experimental protocol for evaluating DFMO in pancreatic cancer progression is summarized in Fig. 1H . p48
Cre/þ -LSL-Kras G12D/þ mice fed AIN-76A or DFMO diets had steady body weight gain. As shown in Fig. 1I and J, there was no significant difference in body weight in the mice fed either AIN-76A or AIN-76A diets supplemented with either 0.1% or 0.2% DFMO. None of the animals fed the DFMO diets exhibited any observable toxicity or any gross morphologic changes to liver, spleen, kidney, or lung.
Effect of DFMO diet on pancreatic tumor weight and PDAC incidence in GEM Pancreatic weight is a simple marker to assess the progression of tumor. A significant increase in pancreas weight (0.8-1.5 g) was observed in p48
Cre/þ -LSL-Kras G12D/þ mice compared with wild-type mice ($200-300 mg). Figure 2A shows the H&E staining of the pancreatic tumors with and without DFMO treatment. As summarized in Fig. 2B and C, DFMO treatment caused a significant decrease in the weight of pancreatic tumors in p48
Cre/þ -LSL-Kras G12D/þ mice. In GEM fed 0.1% or 0.2% DFMO, the pancreas weights were 0.75 AE 0.1 g and 0.86 AE 0.01 g, respectively, in males and 0.65 AE 0.08 g and 0.61 AE 0.04 g in females. The pancreatic tumor weights were decreased by 31% to 43% (P < 0.03-0.001) with both doses of DFMO in male and female mice.
Extensive histopathologic analysis of the pancreas using H&E-stained slides revealed no microscopic pathologic alterations in wild-type mice fed either AIN-76A or DFMO-supplemented diets. In contrast, AIN76A diet-fed male and female p48
Cre/þ LSL-Kras G12D/þ mice demonstrated >80% and 60% incidence of PDAC (% of mice with PDAC), respectively ( Fig. 2D and E) . DFMO treatment at 0.1% and 0.2% decreased PDAC incidence to 10% and 6%, respectively, in male and to 16% and 9%, respectively, in female GEM (Fig. 2D and E) .
Inhibition of PanIN lesion progression and carcinoma percentage by DFMO
Histologic analysis showed 100% penetrance of pancreatic precursor PanIN lesions in the GEM fed AIN76A or DFMO-supplemented diets. The number of PanIN 1, 2, and 3 lesions in male GEM fed AIN76-A diet was (mean AE SE): 180 AE 28, 162 AE 20, and 155 AE 15, respectively; in the mice fed 0.1% DFMO, PanIN 1, 2, and 3 numbers were 375 AE 59, 225 AE 42, and 115 AE 33; and in mice fed 0.2% DFMO they were 260 AE 33, 192 AE 20, and 109 AE 17, respectively (Fig. 3A) . The number of PanIN 1, 2, and 3 lesions in female GEM fed AIN76A diet were 183 AE 23, 178 AE 13, and 240 AE 19, respectively; in the mice fed 0.1% DFMO, the numbers were 255 AE 36, 220 AE 21, and 188 AE 28; and in mice fed 0.2% DFMO, they were 280 AE 49, 195 AE 24, and 158 AE 16, respectively (Fig. 3B) . The number of PanIN 3 lesions or carcinoma in situ was suppressed by 21% to 33% in the DFMO-treated groups ( Fig. 3A and B ). An increase in the number of PanIN 1 and 2 lesions was observed in pancreas of DFMO-supplemented mice, suggesting a potential blockade of further progression of these lesions to carcinoma in situ and PDAC. Pancreas of GEM fed AIN76 A diet showed 30% AE 6% (male; Fig. 3C ) and 12% AE 4% (female; Fig. 3D ) PDAC within the pancreas. The carcinoma percentage within the pancreas was inhibited significantly (>60% in males and >50% in females; Fig. 3C and D) by both doses of DFMO in GEM. Up to 23% of the pancreas from mice treated with DFMO was normal appearing (i.e., free from PanIN lesions and carcinoma), whereas only up to 5% was normal appearing in the untreated GEM (Fig. 3E and  F) . Although DFMO significantly inhibited PDAC incidence and carcinoma spread, tumor outgrowth was observed in the treatment groups.
Modulation of ODC signaling by DFMO in pancreatic cancer
Activation of the ODC pathway is critical in polyamine biosynthesis. ODC pathway signaling molecules were E and F, effect of DFMO on the percentage of normal appearing pancreas (E, male; F, female). The data in the panels were analyzed by unpaired "t" test with Welch correction; values are considered statistically significant at P < 0.05.
measured via IHC and quantitative real-time PCR in pancreatic tissues. As shown in Fig. 4A , markedly decreased ODC staining was observed in PanIN lesions and carcinoma in p48 Cre/þ -LSL-Kras G12D/þ mice fed DFMO-supplemented diets compared with the pancreatic tissues from mice fed AIN-76A diet alone. The expression of ODC and its related signaling molecules in the pancreas (consisting normal pancreas, PanINs, and PDAC) was analyzed further using real-time quantitative PCR assays. Snap-frozen pancreatic tissues were analyzed for fold change in mRNA expression of ODC, Arg, OAZ, and Sat1 (Fig. 4B-D) . Total RNA was isolated, reverse-transcribed into cDNA, and quantified with a real-time PCR assay. As shown in Figure 4B -E, compared with pancreas from AIN-76A-fed p48
Cre/þ -LSL-Kras G12D/þ mice, the pancreatic tissues of DFMO-fed GEM showed significantly decreased (>2-fold; P < 0.05) expression of ODC and Arg mRNA (Fig. 4B and C) and an increase (>2-fold) in Oaz mRNA (Fig. 4D) . Expression of Sms and Srm was reduced upon DFMO treatment ( Fig. 4E and F) . The decrease in the ODC signaling mRNAs in the DFMO treatment groups is likely to be due to the greater amount of normal pancreas present in the treatment groups.
DFMO inhibits tumor cell proliferation and induces p21, p27, and p53
To determine the effects of DFMO on tumor cell proliferation in pancreatic tissues of the GEM, PCNA, Ki67, p21, p27, cyclin D1, Rb, p16, and p53 were analyzed using IHC/ IHF and real-time PCR approaches (Fig. 5A and B and Supplementary Fig. S1 ). IHC staining showed that PanIN lesions and carcinoma were labeled positively for PCNA and Ki67 in the p48
Cre/þ -LSL-Kras G12D/þ mice fed the AIN-76A diet alone ( Fig. 5A and Supplementary Fig. S1 ). Markedly decreased numbers of PCNA-and Ki67-positive cells and decreased proliferative index were observed in mice fed a DFMO-supplemented diet (Fig. 5A and B and Supplementary Fig. S1 ). IHC analysis of p21 revealed a significant increase in labeling with the higher DFMO dose compared with untreated pancreatic tumor tissues ( and B). We also measured the relative mRNA levels of PCNA, p21, and p27 in pancreatic tissues by quantitative real-time PCR (qRT-PCR) and found that DFMO significantly decreased the expression of PCNA and increased p21 mRNA in pancreatic tissues of the GEM. The higher dose of DFMO also led to an increase in p53 and p27 expression in the pancreatic tissues (Fig. 5B) . These results suggest that the inhibition of tumor progression may be associated with decreased tumor cell proliferation ( Fig. 5A and B ) and are consistent with our in vivo tumor inhibition findings. Furthermore, we have observed a decrease in cyclin D1 and an increase in the tumor-suppressor Rb upon DFMO treatment. Higher p16 expression was observed in the normal appearing pancreatic tissues from the DFMO-treated pancreatic tumors compared with the untreated tumors (Supplementary Fig. S1 ).
Effect of DFMO on Cav-1 and b-catenin C-myc activation leads to increased proliferation and downregulates p21, which can lead to tumor growth. To examine the effect of DFMO on the expression of c-myc, we analyzed the pancreatic tissues (containing normal pancreas, PanINs, and PDAC) and MiaPaCa cells by Western immunoblotting. As shown in Fig. 5C , the DFMO treatment caused a nonsignificant reduction in the expression of c-myc, with no dose-dependency. This reduction most likely is due to higher amounts of normal pancreas in treatment groups. We observed no significant change in the ODC protein expression in the DFMOtreated and polyamineþDFMO-treated MiaPaCa cells. The c-myc expression was unchanged in the lower dose treatment, with only a slight increase in high-dose group; and cells treated with polyamines with or without DFMO showed no change in c-myc protein. Moreover, we found that p21 was increased to some extent upon DFMO treatment (Supplementary Fig. S2 ). Because Cav-1 can transport polyamines into the cells (20), we analyzed Cav-1 protein expression by IHC/IHF and also measured mRNA expression by real-time PCR (Fig. 6) . A substantial decrease in Cav-1 was observed upon DFMO treatment as compared with untreated mouse pancreatic tumor tissues (Fig. 6) . Similarly, we observed a decrease in the b-catenin protein and mRNA expressions in the treatment groups (Fig. 6) . These results are consistent with our in vivo tumor inhibition findings and suggest that the inhibition of tumor progression may be associated with the modulation of molecular markers related to the ODC pathway.
Discussion
Polyamines are essential for cell division and growth of neoplasia. Overexpression of ODC and increased polyamines are observed in tumor samples from various human cancers including pancreatic cancer (7, 21) . ODC activity was 3.6-fold elevated in human adenocarcinomas and 3.9-fold elevated in neuroendocrine tumors compared with control pancreas (8) . We observed increased ODC activity in p48
Cre/þ -LSL-Kras G12D/þ mice, a wellestablished model that simulates the stepwise progression of human pancreatic cancer and which has been used extensively by us and others for studies of pancreatic cancer chemoprevention. As the mice aged, the ODC activity increased significantly (Fig. 1A) , suggesting that tumor cell proliferation is occurring along with the tumor progression. We evaluated mRNA expression for several constituents of the ODC pathway in the tumors as compared with normal pancreas. Oaz, which regulates polyamine synthesis by binding to and inhibiting ODC, and Sat1, a rate-limiting enzyme in the catabolic pathway of polyamine metabolism, were decreased significantly in the pancreatic tumors compared with normal pancreas (Fig. 1 ). Arginase and Oat, which increase polyamine levels by increasing the ODC activity, were also increased in the tumors (Fig. 1) . These results are consistent with previous reports on polyamine biosynthesis in different cancers (22) and are consistent with a role for polyamine biosynthesis in pancreatic cancer progression.
Previous studies have shown cytostatic effects of the ODC inhibitor DMFO against several tumors (23-25) but not in pancreatic cancers. Clinical and preclinical studies have shown that DFMO has significant chemopreventive effects against several cancers (10-16); and DFMO has been used successfully for chemoprevention of colon, prostate, skin, and cervical cancers (26) (27) (28) (29) (30) (31) . However, no in vivo chemoprevention studies had been reported with DFMO using GEM that mimic human pancreatic cancer.
Inhibition of ODC activity by DFMO caused decreased cell growth and increased apoptosis in pancreatic tumorderived cell lines (8) . DFMO was also examined in hamster H2T cells, an experimental xenograft model of pancreatic carcinogenesis, both in vitro and in vivo by Marx and colleagues (32) . In vitro they showed that cytotoxicity and inhibition of polyamine biosynthesis increased with prolonged DFMO treatment, suggesting that continuous use of DFMO for pancreatic cancer prevention might improve efficacy. In the in vivo studies, H2T cells were injected into the cheek pouch of Syrian golden hamsters and DFMO treatment (3% in drinking water) decreased tumor size and inhibited growth of the pancreatic cancer by as much as 50% of control (32) . However, that xenograft model lacks classic initiation and promotion steps that characterize human pancreatic cancer.
We have extended these findings by showing the potential of dietary DFMO (0.1% and 0.2%) to prevent progression of pancreatic cancer in the p48
Cre/þ -LSL-Kras mice. We found that DFMO inhibits formation of PanIN lesions and their progression to ductal adenocarcinoma. DFMO (0.1% and 0.2%) caused significant inhibition of PDAC incidence in the male and female GEM (Fig. 2) . A 21% to 33% suppression of PanIN 3 lesions (carcinoma in situ) was observed with DFMO treatment, and carcinoma percentage was inhibited by >60% in males and by >50% in females (Fig. 3) . There was no dose-dependency observed with DFMO treatment; instead, the lower dose was associated with higher amounts of normal appearing pancreas (Fig. 3) . We observed DFMO-induced inhibition of ODC and modulation of several components of polyamine biosynthesis in the pancreatic tumors. The DFMO treatment led to a significant decrease in expression of ODC, Arg1, Sms, Srm, and increased Oaz expression (Fig. 4) . DFMO caused a significant decrease in tumor progression, with a large amount of the pancreas still appearing normal (Fig. 3) . The significant reduction in pancreatic ODC mRNA most likely was due to the reduction in the overall tumor area (PanINs and PDAC) in the pancreata of mice exposed to DFMO. The pancreas tissue of untreated mice consists of greater numbers of tumor and stromal cells in comparison with the DFMO treatment groups (Figs. 2 and 3) . Mechanistically, although DFMO inhibits ODC activity, few studies have reported that ODC mRNA is reduced upon DFMO treatment (33) (34) (35) . ODC is a critical transcription target of the Myc oncogene, which regulates checkpoints that guard against tumorigenesis; and is an effective target for cancer chemoprevention (33) . Overexpression of Myc at levels found in cancer is sufficient to drive normal quiescent cells into the cycle and to accelerate their rates of cell-cycle traverse (36) . These responses are, at least, in part, dependent upon Myc's ability to downregulate the expression of the cyclin-dependent kinase (Cdk) inhibitors p27Kip1 and p21Cip1 (37) (38) (39) . In other systems, DFMO treatment has been associated with a reduction in c-Myc and an increase in p16 and p27 (40) (41) (42) . Consistent with these reports, we observed a decrease in expression of c-myc upon DFMO treatment, although it did not reach statistical significance, and a significant increase in expression of p21, p27, and the tumor-suppressor p53 (Fig. 5) .
Cav-1 has been predicted to help in the uptake of polyamines into cells (20) . Clinical studies have shown that Cav-1 expression is associated with pancreatic tumor progression and poor prognosis for patient survival (43) (44) . In this study, overexpression of Cav-1 was correlated with an increase in proliferation markers (Fig. 6) . The high expression of the proliferation markers Ki67, PCNA, Cav-1, and b-catenin observed in Kras G12D/þ mouse pancreatic lesions was inhibited by dietary DFMO (Figs. 5 and 6 ). The exact mechanism by which DFMO influences Cav-1 is not known; however, our previous studies on colon cancer cell lines exposed to lovastatin or pancreatic cancer inhibition by atorvastatin showed significantly suppressed Cav-1 expression and its localization to membrane lipid rafts (19, 20) .
DFMO treatment results in the depletion of polyamines leading to a significant decrease in the steady-state levels of transcription factors such as c-myc. It is suggested that regulation of c-myc expression may be one of the mechanisms by which polyamines modulate cell growth. A few studies have reported a decrease in c-myc upon DFMO treatment (40-42, 45, 46) . However, a number of signaling mechanisms, especially those involving Wnt, can contribute to regulation of c-myc and polyamines (22, 47) . In the presence of Wnt, b-catenin target genes including c-myc are expressed. Myc expression, in turn, leads to the expression of ODC, the first enzyme in polyamine metabolism. Diminished b-catenin leads to reduced c-Myc (48) . Wnt signaling also regulates Oaz, a protein that regulates ODC activity by targeting its degradation. In addition, peroxisome-proliferator-activated receptor-g (PPAR-g), which activates spermidine/spermine N(1)-acetyltransferase (SSAT) transcription, is repressed by active KRAS. However, in normal cells and tissues, most of the KRAS protein is inactive as a signaling molecule. Therefore, in normal cells and tissues, Wnt signaling and inactive KRAS lead to reduced proliferation, increased apoptosis, and reduced neoplasia. Under tumor conditions, ODC expression is elevated by altered Wnt signaling, in part, due to inhibition of OAZ. Studies also support the existence of oncogenic mutations in KRAS that suppress polyamine catabolism (22) . Consequently, altered Wnt signaling and KRAS together can act to promote neoplasia by increasing polyamine biosynthesis and suppressing polyamine catabolism. In addition, Myc overexpression is able to downregulate the expression of the Cdk inhibitors p27Kip1 and p21Cip1 (37) (38) (39) . In the present studies, DFMO is shown to suppress the pancreatic cancer progression by modulating ODC signaling, decreasing proliferation, altering Wnt signaling, and increasing p21, p27, Rb, and p53 ( Supplementary Fig. S3 ).
Although DFMO inhibited PDAC in Kras mice, there was still some tumor outgrowth in animals treated with both tested doses, indicating potential limitations to the use of DFMO in human clinical trials. Some possible reasons for this tumor escape include the following: (i) although endogenous polyamines are reduced upon DFMO treatment, dietary polyamines are readily available exogenously. Thus, we think that one of the reasons for outgrowth of tumors even after DFMO treatment is the availability of exogenous polyamines through these diets. (ii) It is possible that drug resistance occurs as a result of decreased intracellular drug accumulation due to overexpression of certain drug-resistant efflux pumps. It may be possible to test this possibility with short-term in vitro culturing of the outgrown tumors. (iii) Another potential mechanism for DFMO resistance relates to the alternative mechanisms available for the synthesis of polyamines within the tumor cells, including alterations of the agmatine mechanism (Fig. 1G) . As evident from Fig. 4E and F, although the ODC inhibition is irreversible, polyamines are still available from these alternate pathways and may lead to the tumor outgrowth. (iv) Another potential explanation for tumor outgrowth is dependent on ratio of DFMO and ODC concentrations. The half-life (t 1/2 ) of DFMO in the serum is 2 to 4 hours and it is eliminated in 3.2 to 3.6 hours. The ODC enzyme has turn-over rate or t 1/2 of 30 minutes. Thus, any observed persistent biologic effects of DFMO are questionable. Previously, we and others have shown dose-response effects of DFMO in other organ site cancers. The failure to detect dosedependent effects of DFMO on PDAC in this study suggests that both doses tested were on the plateau of the doseresponse curve, and thus that tumor outgrowth was not due to insufficient DFMO. However, the ratio of DFMO to ODC concentration may also vary at different time points throughout the period of the experiment. Although mice are fed DFMO in the diet, DFMO levels in the serum may vary periodically depending on the dietary intake by the mice. This possibility can be tested by determining the levels of DFMO in serum as a function of time and correlating average, maximal and nadir levels with antitumor efficacy. (v) It is also possible that tumor outgrowth is related to the species or strain of animal used. Effects of DFMO should be tested in other models of pancreatic cancer to see if tumor outgrowth occurs. (vi) Finally, it should also be noted that, there are several other signaling mechanisms apart from the ODC pathway that can drive the tumorigenesis process. Thus, developing combinations of DFMO with other agents having different tumor-inhibitory mechanisms may improve the efficacy.
Because the Kras GEM model shows stepwise progression of precursor lesions to carcinoma as occurs in humans, and is well optimized for studies of pancreatic cancer chemoprevention (5, 17-19, 49, 50) , our findings suggest (i) that ODC plays a key role in progression of PanIN lesions to pancreatic cancer; and (ii) that low-dose DFMO may have potential for chemoprevention in patients at high risk for pancreatic cancer. Patients with chronic pancreatitis, those with PanIN lesions, intrapapillary mucinous neoplasms, diabetes, or those of older age might be evaluated for polyamine levels to evaluate their candidacy for such chemoprevention. Further evaluation is also warranted of DFMO effects on tumors at an earlier stage and in combination with other agents to increase the efficacy.
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